In the present study, glutaryl-7-amino cephalosporanic acid acylase from Pseudomonas sp. strain 130 (CA130) was mutated to improve its enzymatic activity and stability. Based on the crystal structure of CA130, two series of amino acid residues, one from those directly involved in catalytic function and another from those putatively involved in surface charge, were selected as targets for site-directed mutagenesis. In the first series of experiments, several key residues in the substrate-binding pocket were substituted, and the genes were expressed in Escherichia coli for activity screening. Two of the mutants constructed, Y151␣F and Q50␤N, showed two-to threefold-increased catalytic efficiency (k cat /K m ) compared to wild-type CA130. Their K m values were decreased by ca. 50%, and the k cat values increased to 14.4 and 16.9 s ؊1 , respectively. The ability of these mutants to hydrolyze adipoyl 6-amino penicillinic acid was also improved. In the second series of mutagenesis, several mutants with enhanced stabilities were identified. Among them, R121␤A and K198␤A had a 30 to 58% longer half-life than wild-type CA130, and K198␤A and D286␤A showed an alkaline shift of optimal pH by about 1.0 to 2.0 pH units. To construct an engineered enzyme with the properties of both increased activity and stability, the double mutant Q50␤N/K198␤A was expressed. This enzyme was purified and immobilized for catalytic analysis. The immobilized mutant enzyme showed a 34.2% increase in specific activity compared to the immobilized wild-type CA130.
Cephalosporin acylase (CA) (EC 3.5.1.11) is a commercially valuable enzyme, primarily due to its ability to hydrolyze cephalosporin C (CPC) and glutaryl 7-aminocephalosporanic (GL-7-ACA) to produce 7-ACA, an important starting material in the production of semisynthetic cephalosporin antibiotics. The current method used in the pharmaceutical industry to manufacture 7-ACA involves toxic chemical deacylation of CPC obtained by fermentation (6, 30) . This process also utilizes many costly techniques in order to overcome environmental and ecological problems. In the past decade, enzymatic methods for deacylation have attracted more attention in the manufacturing of cephalosporin antibiotics, and several enzymebased methods have been developed. Most common is the two-enzyme process that uses D-amino acid oxidase and CA to produce 7-ACA in sequential reactions (1) . In addition, because most of the CAs studied thus far have a substrate preference of GL-7-ACA over CPC, great efforts have been made to obtain CA with high CPC affinity by screening for novel CA enzymes or by protein engineering to increase their CPC hydrolysis activity (10, 12, 13, 27, 28) . The CA from Pseudomonas sp. strain N176 (N176) was reported to have the highest CPC/ GL-7-ACA deacylation activity ratio with 4.0% activity to CPC compared to GL-7-ACA (3).
CAs have been categorized into five classes according to their gene structures, molecular masses, and enzymatic properties (5, 18, 19) . The gene encoding a class I CA enzyme from Pseudomonas sp. strain 130 (AF085353) was cloned and expressed in Escherichia coli, and its enzyme, CA130, was characterized previously (11, 20, 21, (34) (35) (36) . CA130 shows very high acylase activity toward GL-7-ACA but has only 2.3% activity toward CPC compared to that of GL-7-ACA. The crystal structures of three GL-7-ACA acylases have been independently identified by Kim et (8) , and our group (PDB: 1GHD). The analysis of the crystal structures indicated that CA belongs to the superfamily of the N-terminal nucleophile (Ntn) hydrolases, which is defined by SCOP (for structure classification of proteins) as containing a distinctive four-layer ␣␤␤␣ structure motif and the N-terminal residue of the ␤ chain serving as the nucleophile (2, 15) .
The structures of CAD (CA from Pseudomonas diminuta) in complex with substrates GL-7-ACA (PDB: 1JVZ) or glutarate (PDB: 1JW0) have also been reported (16) . The extensive interactions found between the glutaryl moiety of GL-7-ACA and residues that form the side chain pocket account for the substrate preference for GL-7-ACA over CPC. Site-directed mutagenesis studies have produced mutants with increased deacylation activity toward CPC. The deacylation activity of a triply mutated CAD toward CPC was increased by ca. 790%, so the activity ratio between substrates was increased to 16% of the activity of CAD toward GL-7-ACA (24) . In a recent study, Fritz-Wolf et al. (8) reported that modifications to CA by site-directed mutagenesis could result in a single-step enzymatic production of 7-ACA from CPC.
In addition to activity levels, the stability of an enzyme is also an important parameter in using enzymes in various industrial bioreactors. Several strategies have been applied to engineer more stable enzymes (7, 14, 22, 25, 31) . Among them, the protein engineering approach, which is generally achieved by changes to key residues by site-directed mutagenesis, is one of the most commonly used tools (4) . A particularly successful example is enhancement of the stability of a penicillin G acylase (PGA) from Bacillus megaterium by site-directed mutagenesis (33) . In that study, mutants were designed by modulating the three-dimensional structure of PGA. Mutants with selected polar residues substituted by Ala at the surface of PGA exhibited prolonged half-lives and enhanced stabilities in acidic or organic solvent environments.
CA130 shows its maximal specific activity in a neutral environment. In the reaction system catalyzed by CA, glutarate is produced, necessitating the addition of concentrated base solutions for pH control. This results in microalkaline environments for the enzymes (4), and both the activity and the halflife of CA130 may decrease quickly when the pH is greater than 8.0. It is therefore important to improve the stability of CA130 at alkaline pH in order to reduce the process costs in application. In an attempt to solve a similar problem, an E. coli PGA was obtained by oligonucleotide-directed random mutagenesis at a selected surface region with enhanced stability at alkaline pH (4) .
We describe here progress in improving the stability and activity of CA130 toward GL-7-ACA by rational site-directed mutagenesis based on crystal structure analysis. Two series of mutants were constructed and screened. Several mutants were obtained with improved catalytic efficiency (decreased K m value and increased k cat value) toward GL-7-ACA and several mutants with higher stability than CA130.
MATERIALS AND METHODS
Bacterial strains and plasmids. E. coli DH5␣ was used as the host strain to express the enzyme CA130. The plasmid pKKCA1 (Amp r , trc acy) (32) , carrying the acy gene coding for CA130, was used for high level expression and sitedirected mutagenesis. The plasmid pMFT7H6 (Amp r , T7, acy) (32) containing the natural or mutated acy gene was used to express enzymes in a large-scale fermentation for purification and immobilization (kindly provided by the laboratory of Enduo Wang).
Reagents. 7-ACA was provided by Zhejiang Haimen Pharmacy Co. GL-7-ACA, CPC, GL-6APA, and AD-6APA were synthesized in our lab (37) . Oligonucleotides were synthesized by Sangon Co. Restriction endonucleases, T4 DNA ligase, and Pyrobest DNA polymerase were products of Takara Co. Protein molecular weight markers were purchased from Promega. DEAE-Sepharose CL-6B and Sephadex G75 were purchased from Pharmacia Biotech. EPI-30-IDA-Co was synthesized in our lab and used for enzyme immobilization (patent application 01818118.X [People's Republic of China]). All other reagents were AR grade.
DNA recombinant techniques. All DNA manipulations were performed according to standard techniques. Site-directed mutagenesis was performed by using the method of megaprimer PCR (29) or overlap extension PCR (9) with plasmid pKKCA1 as the template. Mutants were confirmed by DNA sequencing (Genecore).
Enzyme purification. Cells were collected and suspended in 100 ml of PB (50 mM sodium phosphate buffer [pH 7.0]) after growth for 14 to 16 h at 33°C. A crude cell extract was prepared by sonication and was centrifuged at 12,000 rpm for 15 min. The resultant supernatant was purified by 30 to 60% saturation ammonium sulfate in 4°C to get a protein sample that contains CA130. The dialyzed protein sample (dialysis buffer PB) was applied to DEAE-Sepharose CL-6B chromatography, which was pre-equilibrated with PB and then eluted with a linear gradient of 0 to 0.3 M NaCl in the same buffer. Fractions containing CA130 activity were collected and concentrated to a final volume of Ͻ1.0 ml and then subjected to Superdex G75 gel filtration chromatography. The column was eluted with PB (0.05 M NaCl). The final preparation of CA130 was concentrated by using an Amicon Ultra-15 centrifugal filter (Millipore) and assayed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Enzyme immobilization. The transformant BL21(DE3)/pMFT7H6-QR (or wild-type CA130) was grown in 3 liters of LB medium (180 rpm, 33°C). IPTG (isopropyl-␤-D-thiogalactopyranoside; final concentration, 0.5 mM) was added into the culture when the cell density (i.e., the optical density at 600 nm) reached 0.8 to 1.0. Cells were collected after 14 to 16 h. A crude cell extract was prepared with a French press. Enzymes were purified and immobilized by using the affinity immobilization carrier EPI-30-IDA-Co (produced by our laboratory [patented]) in one step.
Enzyme assay and characterization. The activity and the kinetic parameters of CA130 were determined as described previously (35) . One unit of enzyme activity is defined as the amount of enzyme that produces 1 mol of 7-ACA or 6-APA per min at 37°C and pH 7.0. The optimal pH of enzyme was determined at 37°C in buffers with different pHs (pH 5 to 10).
Software. The three-dimensional structure of CA130 was analyzed on a Silicon Graphics O2 workstation, running IRIX6.3, by using the Insight II program (ACCERLRY 1997, San Diego, CA). HBplus was used for calculating the H-bond between atoms and groups (23) .
RESULTS AND DISCUSSION
Site-directed mutagenesis of key residues to improve activity. GL-7-ACA acylase CA130 from Pseudomonas sp. strain 130 is similar to CAD from P. diminuta, with a sequence identity of Ͼ90% (24), and both proteins belong to class I of the CA family. The analysis of crystal structures of GL-7-ACA acylase CAD and CAD complex with GL-7-ACA or glutarate has identified several residues that play important functions in enzyme catalysis (Tyr149␣, Arg155␣, Ser1␤, Leu24␤, Gln50␤, Arg57␤, Val70␤, and Phe177␤) in CAD (2) . Superimposition of the structures of CA130 and CAD (Fig. 1) revealed that many functional amino acid residues have similar conformations, but the residues of R157␣ and Q50␤ have little overlap between CA130 and CAD even if they were located in same Significant efforts have been made to create mutated CA130 by site-directed mutagenesis. A series of mutated CA130 with key residues replaced were constructed. These residues included Tyr151␣, Arg157␣, Ser1␤, Leu24␤, Tyr33␤, Gln50␤, Arg57␤, Val70␤, and Phe177␤ residues of CA130. The mutated CA130s were then characterized for possible improved enzymatic activity toward GL-7-ACA. However, the assay revealed that, with the exception of two mutants, Q50␤N and Y151␣F, most of the mutated CA130s exhibited decreased specific activity to GL-7-ACA. When substituting Gln50␤ with Asn, the mutant enzyme Q50␤N decreased its K m value for GL-7-ACA by ca. 50% (Table 1) , a finding indicative of a strong bond with GL-7-ACA. The k cat value was also increased by ca. 42%, and the catalysis efficiency (k cat /K m ) toward GL-7-ACA was improved by ϳ3-fold. The K m value of another mutant enzyme, Y151␣F, also decreased by ca. 50% compared to the wild-type CA130 and improved the catalysis efficiency by ϳ2-fold. The total enzyme activities (per liter of culture medium) of Y151␣F and Q50␤N were 200 to 400 U more than wild-type CA130, and their specific activities were also improved by 22 and 48%, respectively.
Through analysis of the crystal structure of the CAD complex with GL-7-ACA, it has been revealed that R57␤ and Y149␣ are both involved in forming direct hydrogen bonds with the glutarate moiety of GL-7-ACA. The Q50␤ residue, forming hydrogen bonds with R57␤ and Y149␣, may be involved in the binding of GL-7-ACA. We therefore replaced Q50␤ with other residues to test the influence of Q50␤ on GL-7-ACA binding. After the Q50␤ residue was mutated to N50␤ residue, the hydrogen bonds may still be formed between N50␤ and the two residues R57␤ and Y151␣ in the mutated CA130. Asn has a similar molecular structure but with a shorter side chain than Gln, so the substitution results in the mutant N50␤ containing a substrate-binding space larger than that created by Q50␤ in the structure of CA130, inducing the glutarate moiety of GL-7-ACA to bind into the pocket more deeply and effectively. The substitution of residue Tyr151␣ with Phe is not critical for catalytic function but creates noticeable effects on substrate binding. Without the hydroxyl group of Tyr, the mutant Y151␣F still possesses comparable GL-7-ACA deacylation activity and seems able to bind GL-7-ACA even more effectively.
Both mutants, Y151␣F and Q50␤N, exhibited higher total activity after fermentation and higher specific activity after purification than did CA130. These results suggested that the mutants may be useful in the production of 7-ACA. However, unexpectedly, the double mutation (Y151␣F/Q50␤N) did not create a synergistic benefit of the two individual mutations but instead exhibited catalytic ability and substrate binding comparable to the wild-type CA130. It is possible that the double mutation (Y151␣F/Q50␤N) also might negatively influence substrate binding sites. Changes in polar (OH of Y151␣) and charged (NH 3 ϩ of Q50␤) regions of individual residues will interfere with the necessary flexible conformation of substrate binding sites.
Although no significant increase in their activity toward CPC was observed, we found that Y151␣F and Q50␤N both have improved specific activity toward two substrate analogs, AD-6-APA and GL-6-APA (Table 2 ). AD-6-APA and GL-6-APA, synthesized in our laboratory, were used to screen CAs able to hydrolyze CPC and GL-7-ACA, respectively (37) (Fig. 2) . AD-6-APA has a similar side chain to CPC, except that AD-6-APA lacks an extra NH 2 . The fact that Q50␤N mutant had not improved the specific activity to CPC indicated that the binding sites of CA130 to accommodate the extra NH 2 was a key to improve specific activity to CPC. Obviously, the Y151␣F and Q50␤N mutant cannot accommodate the extra NH 2 of CPC, too. The side chain of AD-6-APA is larger than GL-7-ACA's. These results indicated that the two mutants have improved activity toward the substrate with the bigger side chain. It is also possible that the mutation enlarged the size of substrate binding pocket and so is therefore able to accommodate a larger hexyl moiety.
FIG. 3.
Time-dependent enzymatic activity of CA130 (OE), K198␤A (■), R121␤A (), and D286␤A (F) stored at 37°C at pH 7.0. The residual enzyme activity was assayed as described previously (16) . The half-lives of R121␤A and K198␤A increased by ca. 30 to 58% compared to wild-type CA130, however, the half-life of D286␤A was decreased by about 21%. Each datum point represents mean values from five individual experiments. Similar results were obtained in each replicate .   FIG. 4 . pH activity profiles of CA130 (OE), K198␤A (■), R121␤A (), and D286␤A (F). The optimal pH of K198␤A and R121␤A shifted the profile to the alkaline region by about 1.0 to 2.0 pH units, whereas the optimal pH of D286␤A shifted downward to the basic region by about 0.8 pH units. Three independent measurements were taken for each datum point. The data are mean values of replicated experiments.
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The site-directed mutagenesis of the key residues in CAD was also previously performed by Kim and Kim (15) . Their results showed that some active site residues were critical not only for catalysis but also for posttranslational modification. These authors also obtained a triple mutant (Q50␤M/Y149␣K/ F177␤G) that expressed ϳ8-fold-higher catalysis activity toward CPC compared to wild-type CAD but no mutant with improved activity to GL-7-ACA (24) .
Site-directed mutagenesis of surface residues to improve stability. The next series of mutations were designed to enhance the stability of CA130, by using a method previously described by Yang et al. (33) based on structure analysis. The principle of this method is to change the isoelectric point (IEP) of the protein. According to Russell and Fersht (26) , the IEP of a protein is related to its surface charge; any change to the surface charge will affect the protein's IEP and stability. An analysis of a Ser protease family revealed that an increasing content of Ala in the surface of an enzyme was correlated with an increased IEP. Because of this, six surface-charged residues that were located far from the active site (not in the middle of any key secondary structure and not involved in interactions with other residues) were selected and replaced by Ala.
Three enzymes from the mutants constructed-Arg121␤Ala, Lys198␤Ala and Asp286␤Ala-showed improved stability with respect to half-life and optimal pH (Fig. 3 and Fig. 4) . In contrast, the K m and k cat values toward GL-7-ACA were similar to wild type. The analysis of the expression level and specific activities of the mutated enzymes suggested that the substitutions had no effects on their activity to GL-7-ACA. The half-life of CA130 (at pH 7.0 and 37°C) is ca. 68.1 h, whereas the half-lives of R121␤A, K198␤A, and D286␤A were changed to 88.3, 107.5, and 53.9 h, respectively. Compared to CA130, R121␤A and K198␤A extended their half-lives by ca. 30 to 58%. The mutations also affected the pH-dependent activity profile. K198␤A and D286␤A shifted their optimal pH to alkaline by about 1.0 to 2.0 pH units. R121␤A shifted its optimal pH to 6.2. No obvious change was found between the wild-type and mutants with respect to their temperature-dependent activity profile.
We were interested in K198␤A for its prolonged half-life and increased optimal pH. To further investigate the stability of K198␤A, K198␤A and CA130 were stored for 4 h at 37°C at pH 7.0, 8.0, 9.0, and 10.0 and then assayed for their residual activity (Fig. 5) . Although both the wild-type and the mutated enzymes lost activity concurrent with increasing pH, it was apparent that K198␤A retained a higher activity compared to wild-type CA130 under the same treatment. This phenomenon was more obvious in the higher pH range. In the biocatalyst system in which GL-7-ACA is converted into 7-ACA by GL-7-ACA acylase, a base must be added to stabilize the pH, which may result in local alkaline conditions and cause enzyme inactivation. The prolonged half-life of K198␤A and its ability to endure more alkaline solutions will make it more applicable for industry.
Fermentation and immobilization of double-mutant Q50N/ K198A␤. Considering the benefits of Q50N and K198A␤, a double-mutant Q50␤N/K198␤A was constructed. As expected, the mutant was found to possess the improved catalysis efficiency of Q50␤N (Table 1 ) and stability of K198␤A simultaneously. The time-dependent enzymatic activity and pH-dependent enzymatic activity of Q50␤N/K198␤A are the same as that of K198␤A (data not shown).
To test the possible application of Q50␤N/K198␤A in the production of 7-ACA, the mutated acy gene of CA130 was cloned into an expression vector pMFT7H6 and transformed into E. coli BL21(DE3). The pMFT7H6 (P t7 , RBS, T t7 ) is a His 6 tag fusion expression vector, and the protein produced can be one step purified and immobilized by affinity chromatography. Compared to immobilized wild-type CA130, the immobilized enzyme with the double mutation exhibited increased total activity and specific activity ( Table 3 ). The total activity of 1 liter of culture was increased by ca. 43%. The specific activity (units per 1 g of carrier) after immobilization was improved by about 34%.
Improving the specific activity of CA130 will be highly valuable in industrial applications. To our knowledge, a CA130 with a high specific activity and with stability in conditions of alkaline pH is not currently available. In the present study, the site-directed mutants of CA130 were designed to enhance activity and stability. We succeeded in acquiring a double mutant (Q50␤N/K198␤A) that possesses the combined benefits of the two individual mutants. The high activity of the mutant Q50␤N indicates that the shorter side chain at position 50 may increase the space available to accommodate the substrate for binding to the active sites of C130. The prolonged half-life and increased optimal pH in the mutant K198␤A suggested that the substitution of surface-charged residues can be used to successfully improve stability for industrial application. The study of site-directed mutants of CA130 is significant for understanding the related mechanism of catalysis and can provide a guide for using protein engineering to reconstruct enzymes for industrial application. 
